Cse4p is an evolutionarily conserved histone H3-like protein that is thought to replace H3 in a specialized
The centromere in budding yeast consists of conserved centromere DNA elements CDEI, CDEII, and CDEIII, which span about 125 bp of the centromere DNA (CEN) in each of the 16 Saccharomyces cerevisiae chromosomes (12, 13) . Mutations altering any of these DNA elements cause defective chromosome segregation. The effects of CDE mutations range from relatively mild increases in mitotic chromosome loss (2-to 20-fold in CDEI mutants) to complete loss of centromere function (single point mutation in the central CCG triplet of CDEIII) (11, 14, 16, 21, 31) . The centromere DNA is the site of assembly of the kinetochore, a protein complex that connects the chromosome to the mitotic spindle. To date, at least 10 different S. cerevisiae kinetochore proteins have been identified, some of which bind directly to CEN DNA. A homodimer of Cbf1p binds to CDEI (2, 4, 8, 9, 32) and induces a bend in the DNA that enhances centromere function (24, 36) . The CBF3 complex contains four essential protein subunits (p110, p64, p58, and p23), which assemble specifically on CDEIII DNA (26, 27) . The CBF3-CDEIII complex is required but by itself is not sufficient to confer centromere function and accurate chromosome segregation (11, 14) . The AϩT-rich CDEII DNA, which has an intrinsic bend even in the absence of bound protein, is necessary in addition to CDEIII to form a functional kinetochore microtubule binding site (25) . Candidate CDEII DNA binding proteins include Mif2p, an essential centromere protein containing an "AT-hook" motif (34) , and Cse4p (44) . In addition, Cse4p, Mif2p, and Cbf1p make connections to CBF3-CDEIII through interactions with the Ctf19p-Mcm21p-Okp1p complex at the centromere (37) . Ctf19p may also be involved in regulating kinetochore-microtubule interactions (19) . It is proposed that kinetochore assembly initiates with formation of the CBF3-CDEIII complex, which then recruits additional kinetochore proteins, including Cse4p, to the centromere (33, 37) .
Yeast centromere DNA is organized into a distinctive chromatin structure (6) . Current models propose that two copies of the histone H3-like protein Cse4p replace both copies of H3 in a centromere-specific nucleosome (23, 35) . The idea that Cse4p is incorporated into specialized centromeric nucleosomes is consistent with the histone-like biochemical properties of the Cse4p protein (44) and with the results of Cse4p mutational analysis (23) . In addition, a mutation in either Cse4p or H4 (hhf1-20) disrupts chromatin structure at the centromere (35, 42) . Overexpression of Cse4p, but not that of H3, suppresses the conditional growth, chromosome missegregation, and defective centromeric chromatin phenotypes of hhf1-20 mutant cells, providing strong evidence that Cse4p interacts with H4 at the centromere (35) . Genetic interactions between cse4 and other kinetochore genes have been detected; Baker et al. (3) isolated a mutant cse4 allele that is synthetic lethal with cep1⌬ (cbf1⌬), and Ortiz et al. (37) showed a two-hybrid interaction between Cse4p and Ctf19p. Recently, Cse4p was implicated in the association of cohesin with the centromere (47) , a further indication that Cse4p is an integral part of a higher-order chromatin structure at the budding yeast centromere.
Centromere H3-like proteins are evolutionarily conserved. In addition to Cse4p, fly (Cid), worm (HCP-3), and mamma-lian (CENP-A) homologs have been identified (7, 17, 46) . Homology between these proteins is limited to the H3-like histone fold domain (HFD) and ranges from 34 to 57% identical amino acids (17) . Although originating from different organisms, Cse4p-, CENP-A-, and HCP-3-green fluorescent protein (GFP) fusions all preferentially localize to pericentric heterochromatin when expressed in Drosophila cells while Cse4p and HCP-3 preferentially localize to heterochromatic sites (including centromeres) in human cells (17) . All of the centromere H3-like proteins have distinctly different N termini with little homology to known proteins (17, 44) . Studies of CENP-A show that the HFD, but not the N terminus, is required for centromere targeting (46) . A similar conclusion has been drawn for the Cse4p N terminus (37) . However, the Cse4p N terminus has at least one essential function, since deletion of the first 50 amino acids is lethal to the cell (23) . By analogy to the known folded structure of H3 in the nucleosome, the HFD of Cse4p would assemble into the octamer with the N terminus of the protein extending away from the core between the wrapped DNA helices (28) . In this conformation, the Cse4p N terminus would be available to interact with proteins involved in critical centromere functions, including kinetochore protein recruitment and assembly, kinetochoremicrotubule connections, and sister chromatid cohesion. The Cse4p N terminus may also be a target for posttranslational modifications, as observed for the N termini of the standard core histones (50) . Such modifications may be required for the integrity of kinetochore structure or for other centromere functions, such as checkpoint signaling.
Here we report a comprehensive mutagenesis study of the N-terminal 130 amino acids of Cse4p. Our results show that the Cse4p N terminus contains an essential region of 33 amino acids which performs a function distinct from that of the HFD. Surprisingly, the position of the essential N-terminal domain relative to the HFD is highly flexible although the N terminus must be physically linked to the HFD for the protein to function. We present genetic and biochemical evidence that Cse4p proteins interact directly in vivo. In addition, we describe results supporting interactions between the N terminus of Cse4p and the newly identified centromere protein complex Mcm21p-Ctf19p-Okp1p. Our results reinforce the proposed Cse4p-nucleosome model and provide new information with implications for understanding the function of centromere H3-like proteins and how they are targeted to the centromere DNA.
MATERIALS AND METHODS
Yeast strains and genetic methods. The yeast strains used in this study are shown in Table 1 . YC190 and YC121 contain the integrated cse4-39 and cse4-542 alleles, respectively. Integration was accomplished by recloning the mutant alleles into integrating vector pRS304 or pRS306 (41) and then deleting the HFD segments by cleaving with BstBI and SalI and religating. The resulting truncated cse4 constructs were linearized by NdeI and then transformed into a wild-type yeast strain. Plasmid integration resulted in a genetic duplication at the CSE4 locus consisting of a full-length mutant cse4 allele and a 3Ј-truncated (nonfunctional) copy of the endogenous wild-type allele. The expected genome changes were confirmed by diagnostic PCR.
Yeast genetic manipulations were carried out using standard procedures (40) . The media and growth conditions used were as previously described (39) . Transformations were performed by the lithium acetate procedure (40) . The restrictive temperatures for temperature-sensitive (Ts) and cold-sensitive (Cs) mutations were 38 and 15°C, respectively. CSE4 mutants and epitope tagging. All mutant cse4 alleles were constructed by sequential PCR. The template for both reactions was plasmid pCSE4 DNA consisting of wild-type CSE4 in the polylinker of pRS314 (44) . First, a PCR was carried out using a primer (Integrated DNA Technology) containing the desired mutation and a primer complementary to polylinker sequences of the vector (T7 or T3 promoter). This PCR product was then used as a "megaprimer," along with the T7 or T3 primer from the opposite end of the polylinker, for the second PCR. The product of the second PCR was digested with BamHI and SalI and reinserted into pRS314. All mutations were confirmed by sequencing. For those cse4 alleles which showed growth phenotypes, the entire mutant cse4 gene was sequenced.
Two forms of hemagglutinin (HA)-tagged CSE4 were used. CSE4HA, which has three HA repeats inserted at CSE4 codon 83 (engineered NotI site), was described by Stoler et al. (44) . CSE4HAn, constructed for this study, has the triple HA epitope inserted immediately after the initiating methionine in the N terminus. In CSE4HAn, an EcoRI site was incorporated into the junction between the HA and CSE4 sequences. The HAn versions of mutant cse4 alleles were constructed by replacing the wild-type CSE4 sequence of CSE4HAn with the mutant cse4 sequence, obtained by PCR using an upstream primer carrying an EcoRI site and a downstream polylinker primer. GFP-tagged CSE4 (CSE4GFP) was obtained by replacing the triple-HA segment of CSE4HA with DNA encoding GFP-Bex1 (1). The GFP-Bex1 insert was generated by PCR using primers designed with in-frame EagI sites, destroying the NotI site, and introducing an SpeI site at the 5Ј side. CSE4SpA was constructed by replacing the GFP segment of CSE4GFP with DNA encoding the ZZ domain of protein A, obtained by PCR amplification of plasmid pYES2 (Invitrogen), retaining the unique SpeI and NotI sites. The cse4-39SpA allele was made by replacing the BamHI-SpeI fragment of CSE4SpA with the BamHI-XbaI fragment of cse4-39. The cse4⌬55GFP and cse4-107GFP alleles were made by replacing the BamHISpeI or NotI-SalI fragment of CSE4GFP with the BamHI-XbaI fragment of cse4⌬55 or the NotI-SalI fragment of cse4-107HA, respectively. The constructs were sequenced to confirm that the epitope tag was inserted properly in frame and that no undesired mutations were present.
Analyses of cse4 gene expression and function. The ability of mutant cse4 alleles to complement a cse4 null allele was tested using a plasmid shuffle assay described previously (23) . Plasmids carrying the cse4 mutant alleles were transformed into a cse4::HIS3 strain (KC100) harboring wild-type CSE4 on a singlecopy URA3 plasmid. Transformants were plated on 5-fluoroorotic acid (5-FOA) medium to select for loss of the URA3-CSE4 plasmid. 5-FOA-resistant cells, lacking the wild-type CSE4 plasmid, must rely on the mutant cse4 allele for viability. Three KC100 transformants for each cse4 allele were picked and sus- Tests for interallelic complementation were carried out using KC100 carrying the same or different cse4 alleles on separate TRP1 and URA3 vectors (pRS314 and pRS316, respectively). Cells were suspended in 1.5 ml of water, the cell suspension was adjusted to an OD 660 of 1.0 and serial threefold dilutions were made. Six microliters of each dilution was plated on double-selective medium lacking tryptophan and uracil, incubated at 30 and 38°C, and photographed after 3 and 5 days of incubation, respectively. Cellular levels of Cse4p were analyzed by immunoblotting as described by Keith et al. (23) , except that cells were boiled for 10 min and sodium dodecyl sulfate (SDS)-10% polyacrylamide gel electrophoresis (PAGE) was used to resolve the proteins. Quantitative mitotic chromosome loss rate assays were carried out exactly as described by Keith et al. (23) . For the qualitative chromosome loss assays, cells were plated directly onto indicator medium and incubated at 30°C for 5 days. The sectoring of colonies of mutant cells was visually compared to that of wild-type cells (18) .
Cse4p coprecipitation and CHIP. Yeast cells carrying the cse4-39SpA and cse4-107HA alleles on plasmids pRS314 and pRS316, respectively, were grown in double-selective medium at 30 or 38°C to a concentration of 10 7 /ml. About 10 9 cells (100 ml) were collected and washed once with 5 ml of cold water and once with 5 ml of cold buffer A (20 mM Tris-HCl [pH 8.0], 5 mM MgCl 2 , 1 mM dithiothreitol, 0.2% Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 150 mM potassium acetate). The cell pellet was resuspended in 250 l of buffer A, and 150 l of glass beads was added. Breakage was achieved by vortexing on a shaker for 30 min at 4°C, and the whole-cell extract was obtained after centrifugation for 7 min at 25,000 ϫ g. After removal of 5% of the extract for analysis, 25 l of pre-equilibrated immunoglobulin G (IgG)-Sepharose beads (Pharmacia) was added to the remainder and the mixture was incubated for 2 h at 4°C. The beads were collected by centrifugation, washed four times for 5 min (each time) with 1 ml of buffer A, and resuspended in 100 l of SDS sample buffer. Ten to 15% of the beads and 0.5% of the total extract were used for immunoblot analysis as described above. Chromatin immunoprecipitation (CHIP) analysis was carried out as previously described (45) . Briefly, about 10 9 cells were treated in situ with 1% formaldehyde for 1 h. Cross-linked chromatin was then prepared (450 l) and sonicated to fragment chromosomal DNA. Immunoprecipitation was conducted with 400 l of the chromatin solution using 20 l of polyclonal rabbit anti-GFP (␣-GFP) (Pharmacia) or monoclonal mouse ␣-HA (Pharmacia) antibody. The remaining 50 l, not subject to immunoprecipitation, was used to prepare the total chromatin samples. PCR was performed with 1/50 of the total chromatin or 1/10 of the immunoprecipitated chromatin using the primers described by Ortiz et al. (37) . About one-third of each PCR product was analyzed on an agarose gel stained with ethidium bromide. Cells used in the CHIP assay were grown in dropout medium to 2 ϫ 10 7 /ml (30°C). For the 38°C samples, an overnight culture grown at 30°C was diluted into prewarmed medium to a density of 6 ϫ 10 5 cells/ml and grown at 38°C to a density of 10 7 cells/ml. Microscopy. Cells carrying GFP-tagged proteins were grown in YEPD medium to a density of 0.5 ϫ 10 7 to 1 ϫ 10 7 /ml. The cells were fixed by the addition of 1/10 volume of 37% formaldehyde and continued incubation for 45 min under growth conditions. The fixed cells were washed once in standard phosphatebuffered saline (PBS), incubated on ice for 15 min in ethanol containing 4Ј,6Ј-diamidino-2-phenylindole (DAPI) at 1 g/ml, washed twice with PBS, resuspended in PBS, and kept on ice. Microscopy was performed with a Nikon microscope equipped with epifluorescence optics and a charge-coupled device camera (Santa Barbara Instrument Group). Collected images were adjusted for contrast and brightness and colorized using Adobe Photoshop.
Isolation of dosage suppressors. KC100 cells with plasmid-borne cse4-23 providing the only source of Cse4p were transformed with a high-copy-number URA3 yeast genomic library (10) . Transformants were selected directly at 38°C, the nonpermissive temperature for cse4-23. A small portion of transformed cells was incubated at 30°C to estimate the total number of transformants (approximately 22,000). After 7 days, 85 colonies were obtained, 78 of which grew when restreaked and incubated at 38°C. Total DNA was prepared from the 78 candidates, and 13 of them were found to contain wild-type CSE4 by PCR. Library plasmids were recovered from 61 of the remaining 65 candidates and tested for the ability to suppress the Ts phenotype of cse-23 upon retransformation. Twenty-six clones remained positive and were analyzed by restriction enzyme digestion and DNA sequencing, which revealed 15 different genomic DNA inserts. When tested for the ability to rescue cse4-39, another N-terminal mutation, four groups were positive, one having an insert of 8. Two-hybrid analysis. The two-hybrid vectors and host strain of James et al. (20) were used. The CSE4 coding region and its mutant forms were inserted into pAD-C2 to produce Cse4p-Gal4 activation domain (AD) fusion proteins (Cse4p-AD), while the CTF19 coding region was inserted into pBD-C2 to yield a Ctf19p-Gal4 DNA binding domain (BD) fusion protein (Ctf19p-BD). In both cases, the inserts were obtained by PCR, incorporating BamHI and SalI sites into the primers for cloning into the polylinker region of the vectors. Cse4p-AD and Ctf19p-BD plasmids were cotransformed into strain PJ69-4A, which carries a GAL1-HIS3 reporter gene. Three transformants were picked and suspended in 1.5 ml of water. The OD 660 of the cell solution was determined and adjusted to 1.0, and then a series of fivefold dilutions was made. Six microliters of each dilution was plated on complete minimal medium and on minimal medium lacking histidine and supplemented with 0.5 mM 3-aminotriazole (to suppress growth due to basal HIS3 transcription). The plates were incubated at 30°C and photographed after 5 days.
RESULTS
Alanine scanning mutagenesis identifies an important region in the Cse4p N terminus. The N terminus of Cse4p contains several clusters of charged amino acids. To investigate the functional significance of these charged amino acids, groups of charged residues were changed to alanines and the resulting alleles were tested for Cse4p function in vivo. Haploid cells with a disrupted CSE4 gene (cse4⌬ null) and carrying wild-type CSE4 on a URA3 plasmid to maintain viability were transformed with low-copy-number (CEN) plasmids carrying different mutated cse4 genes. The transformants were plated on agar medium containing 5-FOA to select for loss of the CSE4-URA3 plasmid and to obtain cells that were completely dependent on the function of the mutant cse4-encoded protein. In these 5-FOA r cells, the effects of the cse4 mutations on cell growth and chromosome segregation were assessed without interference from the wild-type protein. Cells that cannot lose the URA3-CSE4 plasmid, and therefore cannot grow on 5-FOA medium, carry plasmids with lethal cse4 mutations. Nineteen different alanine scanning mutations (cse4-21 through cse4-39, Fig. 1A ) were tested for the ability to rescue cse4 null cells in the plasmid shuffle assay. Most of the alanine substitution mutants exhibited wild-type phenotypes (data not shown). However, cse4-23 (R44A, R46A, and K49A) caused a leaky Ts growth phenotype and the cse4-22 mutant (D36A and R37A) showed a small increase in chromosome missegregation (data not shown). The cse4-22 and cse4-23 mutations were combined to generate a new cse4-39 alanine substitution mutant (D36A, R37A, R44A, R46A, and K49A) which grew at 30°C but exhibited both Ts and Cs growth phenotypes (see Fig. 7A ). These results suggested that a region of the N terminus encompassing cse4-39 is important for the function of Cse4p.
Deletion mutagenesis further delineates a 33-amino-acid region essential and sufficient for wild-type Cse4p function. As a complement to the alanine scanning mutagenesis, we also performed a systematic deletion analysis of the Cse4p N terminus. The first set of nested deletions retained the Cse4p initiating methionine but removed successively larger segments of the N terminus (cse4⌬15 to cse4⌬129, Fig. 1B) . Results of plasmid shuffle assays showed that, in agreement with previous results (23), removing residues 2 to 27 from the N terminus (cse4⌬27) was without apparent effect, but removing residues 2 to 55 (cse4⌬55) was lethal ( Fig. 1B and 2A) .
To define precisely the essential domain between residues 27 and 55, we made the following series of small deletions spanning the region: cse4-548 (⌬28-35), cse4-541 (⌬36-40), cse4-542 (⌬41-45), cse4-543 (⌬46-50), and cse4-544 (⌬51-55) (Fig. 1B) . Two of these cse4 N-terminal mutants, those with the cse4-541 and cse4-542 deletions, were viable in the plasmid shuffle assay but formed very small colonies on 5-FOA medium that were distinctly different from the normal-size colonies produced by the deletion cse4-548 and cse4-543 mutants ( Fig. 2A) . Upon VOL. 20, 2000 ESSENTIAL N-TERMINAL DOMAIN IN Cse4p 7039 restreaking, the cse4-541 and cse4-542 mutant cells grew slower than control strains at 30°C and were Ts and Cs (Fig. 2B) . One deletion mutant, the cse4-548 mutant, grew well at 30°C but slowly at 38 and 15°C. These results were consistent with those of the alanine scanning mutagenesis and conclusively identified the region located between residues 28 and 46 in the Cse4p N terminus as being important for wild-type function. Alanine scanning mutagenesis of individual residues in this region failed to identify any single amino acid whose replacement with alanine resulted in lethality. However, the double replacement of asparagine 35 with alanine and arginine 44 with glycine resulted in a severe slow-growth phenotype at 30°C (data not shown). These two residues are adjacent to and within the critical region defined by the cse4-39 mutation. A third set of nested deletion mutations was constructed to test for functionally important sequences in the Cse4p N terminus proximal to the HFD (cse4-556, -557, -558, and -555; Fig. 1B) . By analogy to the structure of H3 in the nucleosome (28), Cse4p residues 130 to 135 form the junction of the N terminus and HFD and are positioned to exit the octamer and pass between the two DNA helices wrapped around the histone core. To avoid altering the junction region, the HFDproximal cse4 deletion mutants were designed to have common endpoints at residue 130 (Fig. 1B) . Throughout the rest of this report, we will consider residues 130 to 135 to be part of the HFD. All of these cse4 N-terminal deletion mutants grew like the wild type, revealing that the 70 amino acids proximal to the Cse4p HFD are not required for Cse4p function (data not shown).
Having found that residues 2 to 27 and 51 to 129 in the Cse4p N terminus are dispensable, we next identified the minimal sequences sufficient to provide the essential N-terminal function. Cse4-559p contained amino acids 28 to 60 fused directly to the HFD (Fig. 1B) and was functional at all of the temperatures tested (Fig. 2B) . Additional deletion of amino acids 51 to 60 (cse4-560) or 28 to 35 (cse4-561) impaired but did not abolish function. The cse4-560 and cse4-561 mutants, while viable, exhibited conditional growth phenotypes and consistently formed small colonies on 5-FOA medium at the permissive temperature ( Fig. 2A and B) . The region of overlap between cse4-560 and cse4-561 did not confer the essential N terminus function (cse4-562, Fig. 2A ). We concluded that amino acids 28 to 60 are sufficient to provide the essential function of the Cse4p N terminus, and we have named this region the essential N-terminal domain (END).
Expression of cse4 N terminus mutant proteins. Expression of the mutant cse4 proteins was assayed by immunoblotting. With one possible exception, cse4 mutant phenotypes could not be attributed simply to altered protein expression levels. As shown in Fig. 2C , alleles cse4-541, -542, -560, and -561, all of which cause detectable growth and/or segregation phenotypes, produce protein at levels comparable to that of the wild-type allele. The exceptional case is the lethal allele cse4-562, which did not express a detectable level of protein. The presence of wild-type Cse4p, necessary where the mutant Cse4p was nonfunctional, resulted in significantly reduced steady-state levels of the mutant proteins (asterisks, Fig. 2C) . Interestingly, the location of the epitope tag affected the migration of the protein in the SDS-gel. When the triple-HA tag was inserted at residue 83, the resulting Cse4pHA protein migrated with an apparent molecular weight of 43,000, in agreement with previous results (23, 44) . When the same tag was fused to the extreme N terminus, epitope-tagged Cse4p migrated with an apparent molecular weight of 37,000.
Mutations in the N terminus of Cse4p cause increased chromosome missegregation. Cse4p plays a critical role in centromere function during mitosis, and mutations in the HFD cause increased chromosome loss rates (23, 35, 44) . To determine if chromosome segregation is impaired in strains carrying Cse4p N-terminal mutations, we screened the collection of Cse4p N-terminal alanine scanning and deletion mutants for increased chromosome missegregation levels using a qualitative colony color sectoring assay (18) . The frequencies of sectored colonies made by diploid cse4 null cells expressing different cse4 N-terminal mutant proteins were visually compared to those of cells expressing wild-type CSE4. We assigned tentative chromosome loss phenotypes to 3 of the 19 alanine scanning mutants (cse4-39, cse4-22, and cse4-23), two partial END deletions (cse4-541 and cse4-542), and two END boundary mutants (cse4-560 and cse4-561). Chromosome loss rates were quantified for three of these mutants (cse4-39, cse4-541, and cse4-542), all of which exhibited increases in chromosome loss rates of 12-to 14-fold (Table 2 ). In contrast, an only 1.7-fold increase in chromosome loss was found for the Cse4-559p protein, which contains the minimal END fused to the HFD.
Is the Cse4p N terminus posttranslationally modified? The N-terminal tails of standard core histones are posttranslationally modified, and some modifications are critical for histone function in transcriptional regulation, cell division, and chromatin structure (48, 50) . The Cse4HA protein migrates on SDS-PAGE with an apparent molecular mass (43 kDa) much larger than that predicted for the HA-tagged protein (31 kDa) (23, 44) , suggesting that Cse4p is modified in vivo. The Cse4p N-terminal amino acid sequence contains several potential posttranslational modification sites. As most of the Cse4p N terminus is dispensable, it is unlikely that modification of any of these nonessential residues is functionally critical; however, the END contains two serines, two threonines, and one lysine, potential sites of phosphorylation (serine or threonine) or acetylation (lysine). To test this possibility, we changed these residues to alanines in three different cse4 alleles (cse4-559a to -559c, Fig. 3 ). In no case did the mutations affect the growth of the cells or the expression levels or migration of the proteins on SDS-gels (Fig. 3) . We concluded that neither phosphorylation nor acetylation of residues within the END is essential for Cse4p function, although other possible modifications are not excluded. The modification mutants were also screened for chromosome segregation defects using the visual colony sectoring assay. The cse4-559a and cse4-559b mutants exhibited a detectable increase in chromosome loss (approximately two-to threefold) compared to the parent (cse4-559), while the sectoring phenotype of cse4-559c was identical to that of cse4-559. The relatively mild chromosome segregation defects observed a The values in parentheses are fold increases relative to wild-type CSE4. could be due either to the lack of modification or to alteration of the END structure caused by the mutations. Evidence for a functional multimeric complex containing at least two molecules of Cse4p. Current genetic evidence is consistent with the idea that Cse4p binds to H4 and forms H4-Cse4p dimers, which assemble into H4-Cse4p-Cse4p-H4 tetramers and ultimately into (H4-Cse4p) 2 (H2A-H2B) 2 octamers (35) . In the case of a cell expressing two mutant cse4 alleles, this model predicts that two types of Cse4p octamers would form: homotypic complexes containing two molecules of the same mutant cse4 protein and heterotypic complexes containing one each of the two different mutant cse4 proteins. If the different cse4 mutations affect different biochemical activities of the protein, wild-type function might be partially or fully recovered through the formation of the mixed (i.e., heterotypic) complex (interallelic complementation).
To test for interallelic complementation between cse4 N terminus and HFD mutations, we coexpressed the Ts alleles cse4-39 and cse4-107, which carry mutations in the END (Fig.  1A) and HFD (glutamine 219 changed to aspartate), respectively. Control cse4 null cells carrying either two cse4-39 plasmids or two cse4-107 plasmids failed to grow at 38°C. In contrast, the same yeast strain carrying both the cse4-39 plasmid and the cse4-107 plasmid could grow at 38°C, although not as well as cells expressing wild-type Cse4p (Fig. 4A) . Apparently, the essential N-terminal function was provided by the wild-type N terminus of the cse4-107-encoded protein, while the wildtype HFD of the cse4-39-encoded protein conferred the essential HFD function, possibly through heterodimer formation with the defective HFD of Cse4-107p. Interallelic complementation was not observed when a frameshift mutation terminating translation between the N terminus and the HFD was introduced into the cse4-107 gene (Fig. 4A) . Thus, the wildtype N terminus of the cse4-107 protein could not rescue the cse4-39 defect when separated from its HFD, consistent with the prediction that the HFD mediates the physical interactions between Cse4p proteins.
Expression of the Cse4p HFD alone was sufficient to rescue 1 and 3) cse4-39 . Protein A-tagged protein complexes were precipitated using IgG-Sepharose beads. Approximately 0.5% of the total extracts (Total) and 10 to 15% of the precipitated proteins (IP) were subjected to SDS-PAGE and immunoblot analysis using anti-HA antibodies. The values to the left are molecular sizes in kilodaltons.
cse4-107 temperature sensitivity. Cells coexpressing one of the lethal cse4 N-terminal deletion mutants (cse4⌬55, cse4⌬80, or cse4⌬129) and the Ts cse4-107 allele were viable and grew at both 30 and 38°C (Fig. 4A) . The cse4-107-encoded protein apparently provided the END function, while the mutant proteins with N-terminal deletions complemented the HFD function. This implies that only one functional Cse4p N terminus is required in each Cse4p nucleosome. To confirm that the Nterminally truncated cse4-encoded proteins were actually present in Cse4p complexes at functional centromeres, the cellular localization of Cse4⌬55p tagged with GFP (Cse4⌬55GFP) was determined in cells dependent on both Cse4-107p and Cse4⌬55GFP for viability. In agreement with previous indirect immunofluorescence analysis of Cse4HA (35), we found that wild-type Cse4GFP was localized as a single subnuclear focus in unbudded and small-budded cells and as a short bar or two distinct foci in preanaphase cells (Fig. 5, left panels) . These localization patterns correspond to the clustered centromeres visualized in yeast nuclei when the centromeres are labeled by fluorescence in situ hybridization (15) . In cells expressing Cse4-107GFP and grown at the permissive temperature, the mutant protein localizes like the wild-type protein (Fig. 5 , middle panels) although the strain exhibits a mild growth defect and a high proportion of large-budded cells. When cse4-107 cells were rescued by the cse4⌬55GFP allele at 38°C, localization of Cse4⌬55GFP was very similar to that of Cse4-107GFP at 30°C (Fig. 5, right panels) , supporting the idea that Cse4⌬55p is incorporated into complexes (presumably nucleosomes) at centromeres. Localization of Cse4⌬55GFP at the DNA level was further analyzed by CHIP. In cse4-107 mutant cells coexpressing cse4⌬55GFP, the GFP-tagged protein showed specific cross-linking to CEN DNA (Fig. 6 ) at both growth temperatures. Thus, by both biochemical and morphological criteria, Cse4⌬55GFP is properly localized to centromeres under these conditions.
Biochemical evidence supporting our interpretation that the interallelic complementation results from the formation of mixed complexes of Cse4p mutant proteins was obtained from coprecipitation assays using Cse4p proteins tagged with the divalent staphylococcal protein A analogue ZZ (SpA) (43) . The Cse4SpA protein is fully functional in cse4 null cells and is efficiently precipitated from crude cell extracts by IgG-Sepharose beads. The cse4-39SpA allele was coexpressed with the HA-tagged cse4-107 allele in cse4 null cells. As previously observed, neither single mutant grew at 38°C but when expressed together, Cse4-39SpA and Cse4-107HA permitted growth at FIG. 5 . Localization of GFP-tagged Cse4p proteins. Cells were fixed and prepared for microscopy as described in Materials and Methods. The top panels show GFP fluorescence, the middle panels show DAPI staining, and the bottom panels show the overlaid GFP and DAPI images. (Left) Yeast cells (KC100) carrying only wild-type Cse4GFP were grown at 30°C and shifted to 37°C for 5 h (three to four doublings) before fixation. (Middle) KC100 cells expressing only Cse4-107GFP grown at the permissive temperature (30°C). (Right) KC100 cells carrying cse4-107HA and cse4⌬55GFP on separate URA3 and TRP1 vectors, respectively, were streaked and grown at 38°C, the restrictive temperature for both mutations. A single colony was picked, inoculated into prewarmed medium, and grown for an additional 15 h (three to four doublings) at 38°C before fixation and microscopy.
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on June 30, 2017 by guest http://mcb.asm.org/ 38°C (data not shown). As shown in Fig. 4B , Cse4-107HA and Cse4-39SpA coprecipitated from extracts prepared from cells grown at both 30 and 38°C, demonstrating that the two mutant cse4 proteins formed a mixed complex in vivo. The fact that the heteromeric complexes were also observed at 30°C, a temperature at which both proteins are functional, suggests that complex formation is not an artifactual peculiarity of one or the other inactive mutant protein at the restrictive temperature.
Genetic interactions between cse4 N-terminal alleles and genes encoding subunits of the Mcm21p-Ctf19p-Okp1p complex. To identify proteins that might potentially interact with the N terminus of Cse4p, we looked for dosage suppressors of the Ts phenotype of cse4-23 cells (see Materials and Methods). Among the candidate genes isolated in the primary screen was MCM21, a nonessential gene originally identified in a screen for minichromosome maintenance mutants (29) . MCM21 in high copy number also suppressed the Ts and Cs phenotypes of cse4-39 (Fig. 7A) . MCM21 suppression was selective for the END alleles; high-copy-number MCM21 did not suppress the Ts phenotype of the cse4-107 (glutamine 219 to aspartate) or cse4-1 (alanine 221 to threonine) HFD mutant (data not shown). A second genetic interaction, synthetic lethality, was also observed between mcm21 and cse4-39 ( Fig. 7B ; Table  3 ).
Since MCM21 encodes a subunit of the Mcm21p-Ctf19p-Okp1p centromere complex (37), we tested for genetic interactions between cse4 N-terminal mutations and other components of the complex, as well as other known centromere proteins. We observed synthetic lethal interactions of cse4-39 with ctf19⌬ and mcm21⌬ and of cse4-542 with okp1-5, cep1⌬, and mcm22⌬ (Table 3) . MCM22 is a nonessential gene whose function is not known that was isolated in the same genetic suppressor screen as MCM21 (29, 38) . Synthetic lethality was FIG. 6 . CHIP of Cse4⌬55GFP. Cse4-107HA cells were transformed with plasmids carrying cse4GFP or cse4⌬55GFP. Transformants were grown at 30 or 38°C, and CHIP was performed as described in Materials and Methods. The ethidium bromide-stained gel shows the products of PCR using primers for CEN3 (CEN3, 243 bp), DNA 177 kbp to the right of CEN3 (R, 278 bp), and DNA 4 kbp to the left of CEN3 (L, 213 bp). The PCR template was total chromatin (T) or chromatin immunoprecipitated by ␣-GFP or ␣-HA antibody (P GFP and P HA , respectively). The cse4-39 mutant yeast strain was transformed with a high-copy-number plasmid carrying MCM21 and tested for growth at 30, 38, and 15°C. (B) Synthetic lethality between mcm21⌬ and cse4-39. Cells from strain YC220 carrying cse4-39 and a disrupted mcm21 gene (mcm21⌬::HIS3) depend on a CSE4-URA3 plasmid for viability and therefore failed to grow on 5-FOA medium (middle sector). The 5-FOA sensitivity was relieved by introduction of either an MCM21 plasmid (right sector) or a CSE4 plasmid (left sector). (C) Two-hybrid analysis of Cse4p-Ctf19p interactions. Two-hybrid reporter cells (PJ69-4A) were cotransformed with plasmids expressing all or part of Cse4p fused to the GAL4 AD and a plasmid carrying full-length Ctf19p fused to the GAL4 BD. Different AD fusion constructs were derived from the cse4 alleles shown at the left and tested with BD-Ctf19p. The designation Vector indicates that no CSE4 or CTF19 sequences are present in those clones. Transformants were plated in a series of fivefold dilutions spotted on the media indicated. Interaction between AD and BD fusion proteins allowed growth on 3-aminotriazole medium.
not observed between cse4-39 and cac1 or cac2, genes encoding chromatin assembly factors (22) , or spt4, which is involved in the structure of centromere chromatin (5) . In addition to the observed synthetic lethality between cse4 END alleles and mcm21⌬, ctf19⌬, okp1-1, and cep1⌬, subsequent plasmid shuffle assays (similar to those of Fig. 7B ) revealed that cse4-39 was synthetically lethal with ndc10 csl , ctf13-30, and cep3 csl , all genes encoding subunits of the CBF3 complex (data not shown). The ctf13-30 and cep3 csl interactions were END specific, as these alleles were not synthetic lethal with cse4-107 and other HFD alleles (data not shown). Surprisingly, in contrast to high-copynumber suppression, synthetic lethal interactions between mcm21⌬ and cse4 were not END specific; some HFD mutant alleles were also synthetic lethal with mcm21⌬ (as tested by plasmid shuffle assay; data not shown).
Ortiz et al. (37) demonstrated an interaction between Cse4p and Ctf19p by yeast two-hybrid assay. We used a similar twohybrid assay to test the dependence of the Cse4p-Ctf19p interaction on the Cse4p N terminus. Gal4 AD fusions of wildtype and mutant Cse4p proteins were coexpressed with Ctf19p fused to the Gal4 BD in yeast cells containing a HIS3 reporter. Cells expressing the full-length AD-Cse4p and BD-Ctf19p fusion proteins were His ϩ and grew well on indicator medium containing 3-aminotriazole, confirming Cse4p-Ctf19p interaction. Cells expressing the Ad-Cse4-559p fusion protein containing the minimal END attached to the HFD and BD-Ctf19p grew as well as cells expressing the wild-type AD-Cse4p and BD-Ctf19p proteins. However, when the END was deleted from the AD-Cse4p fusion (AD-Cse4⌬36-55p), cell growth was barely detectable (Fig. 7C) . We observed no growth of cells coexpressing either the wild-type CSE4 or cse4-559 AD fusion with an empty BD vector. We concluded that Cse4p and Ctf19p interact in vivo and that the END of the N terminus is an important determinant of this protein-protein interaction.
DISCUSSION
Cse4p is novel among known histone H3-like proteins in having a unique 135-amino-acid-long N terminus extending from the conserved HFD homology region. Unlike the N terminus of yeast H3, which can be deleted without loss of cell viability (30) , the Cse4p N terminus is essential (23) . Here we have characterized the Cse4p N terminus by systematic mutagenesis, revealing important new information about its function. First, the Cse4p N terminus contains a spatially flexible 33-amino-acid domain, the END, that is essential for Cse4p function. Second, mutations affecting the END and HFD define distinct functions of the protein. Third, the END appears to be involved in the interaction between Cse4p and the Mcm21p-Ctf19p-Okp1p centromere complex. These results are consistent with the current hypothesis that Cse4p replaces H3 in a specialized nucleosome and mediates an essential interaction(s) with other components of centromeric chromatin (35) .
An essential domain in the Cse4p N terminus. The Cse4p N terminus contains a large proportion of charged amino acids, especially the region between residues 54 and 132, where 48% of the amino acids are charged. The N terminus also contains a putative bipartite nuclear localization signal between residues 115 and 132 (44), in addition to many possible posttranslational modification sites and a high concentration of serines within the first 22 amino acids. The combined mutagenesis results show that none of these features is critical; in fact, most of the Cse4p N terminus is dispensable. Only the region between amino acids 28 and 60, the domain we refer to as the END, is essential. Another region of possible functional importance includes residues 130 to 135, which, by analogy to the structure of the conventional nucleosome (28) , would exit the core and pass between the two DNA helices wrapped around the histone octamer. Because of this, we avoided altering residues 130 to 135 in the mutagenesis study, although we now know that deletion of residues 130 to 135 does not cause growth or chromosome loss phenotypes in cells with wild-type centromeres (data not shown). This suggests that the positioning of the DNA gyres on the surface of the putative Cse4p-containing octamer is sufficiently flexible to accommodate totally different polypeptide chains passing between them. Interestingly, although the wild-type Cse4p N terminus is much longer than those of H3 and CENP-A, the Cse4p mutant protein Cse4-559p, which consists of the 33-amino-acid END fused directly to the HFD (including residues 130 to 135), confers wild-type function and is very similar in length to CENP-A and H3.
In mammals, H3 phosphorylation is required for the initiation of chromosome condensation (48) but phosphorylated H3 is excluded from the chromatin subjacent to the inner kinetochore plate (49) . The centromere chromatin is also underacetylated in mammals (49) . The nonphosphorylated, hypoacetylated chromatin zone corresponds to that region of the centromere associated with CENP-A. CENP-A lacks the phosphorylation epitope (serine 10) found in the N terminus of H3, as well as the acetylation sites associated with "transcriptional" acetylation (lysines 14, 18, and 23), implying that the lack of histone modification at mammalian centromeres is due to the displacement of H3 by CENP-A (49). Like the histone H3 tail, the N terminus of Cse4p contains several potential posttranslational modification sites. Defining the minimal END sequence allowed us to mutate all of the potential acetylation and phosphorylation sites present in the only region of the Cse4p N terminus that is essential. The lack of detectable growth phenotypes supports the conclusion that neither phosphorylation nor acetylation of the END is essential for Cse4p function. As suggested for CENP-A, it may be that one role of Cse4p is to establish a zone free of histone modifications at the yeast centromere. Two cse4 END modification mutants did exhibit mild chromosome segregation phenotypes; however, this cannot necessarily be attributed to the lack of modification, as the alanine substitutions could also alter the structure of the END. Conceivably, as is the case with histone H3, a Cse4p N terminus modification(s) could occur but be functionally redundant with a similar modification(s) on the N terminus of histone H4. We have not tested the effect of the END modification mutations in strains expressing H4 with an Nterminal mutation or deletion; however, the essential END function is unique to Cse4p, since END deletions are lethal in strains that are wild type for all of the standard core histones. Whatever the essential role of the Cse4p END in centromere function, it is not appreciably compromised when the spacing between the END and the HFD is changed. Cse4p proteins in which the END is adjacent to (cse4-559) or separated by over 300 amino acids from (CSE4GFP) the HFD function essentially like wild-type Cse4p (Fig. 8) . If the HFD of Cse4p is embedded in a core with the N terminus extending outward, then the END would be available for protein-protein or protein-DNA interactions with components in the surrounding centromeric chromatin. Given the observed flexibility in END-HFD spacing, the location of a potential interaction site could not be fixed in space relative to the DNA-bound HFD unless it was physically near the core, because of the close proximity of the END to the HFD in Cse4-559p. Alternatively, the END might function at a time when the HFD is not fixed in space, probably before Cse4p is incorporated into chromatin. It has also been noted that the CSE4 ORF contains an in-frame methionine located between the END and the HFD (residue 93). A protein initiated at this methionine would have almost the same length as H3. It is therefore possible that Cse4p is the evolutionary result of a gene fusion event through which H3, or a variant of H3, acquired the END function. That the END and the HFD behave to some degree independently, as suggested from the seeming lack of spacing constraints, is consistent with this idea.
Cse4p END function is distinct from that of the HFD. Current genetic data agree with the model in which Cse4p replaces H3 in a centromere-specific nucleosome (35) . This model also predicts that the Cse4p HFD mediates Cse4p-Cse4p and Cse4p-H4 interactions in the histone octamer, which is supported by results of systematic HFD mutagenesis (23) . Additional evidence that Cse4p proteins interact in vivo and probably form nucleosome-like structures is supplied by the interallelic complementation that we observed between END and HFD cse4 alleles. These results argue that functional heterotypic octamers can be assembled in which one of two Cse4p molecules is defective in the HFD and the other is defective in the END. Biochemical support for this interpretation is provided by the fact that coexpressed mutant cse4 proteins were copurified from cell extracts. The nucleosome model further predicts that the END is incorporated into centric chromatin by virtue of the attached HFD. Consistent with this model, introducing a frameshift mutation into Cse4p between the END and HFD abolishes interallelic complementation. The incorporation of Cse4p molecules into CEN chromatin in complemented cells is probably not random. If it were, half of the nucleosomes assembled would be homotypic (nonfunctional) and the probability of all 16 centromeres incorporating a functional, heterotypic octamer would be low, with severe effects on growth. Since this is not observed, functional heterotypic Cse4p nucleosomes are probably assembled preferentially. Alternatively, the centromere region may have multiple Cse4p nucleosomes, increasing the probability of at least one functional END at each centromere.
Besides providing genetic support for the nucleosome model, interallelic complementation between cse4 END and HFD alleles suggests that the Cse4p END and HFD have distinct functions: the HFD mediates nucleosome assembly, while the END is required for a different Cse4p function, such as nuclear localization, centromere targeting, or interactions with other kinetochore components. The END function could be required at a different time from that of the HFD, either before or after Cse4p dimer formation. Interestingly, cse4 alleles entirely lacking the N-terminal sequences can complement the cse4-107 HFD mutation, indicating that only one functional END per nucleosome is sufficient for Cse4p function at the centromere. The conclusion that the Cse4p END and HFD have different functions is also supported by genetic suppression and synthetic lethal analyses. The screen for high-copy-number suppressors of the cse4-23 END mutation yielded MCM21. In contrast, similar screens for high-copy-number suppressors of HFD mutants (e.g., cse4-1) consistently yielded SCM3 but not MCM21 (C. D. DeFalco et al., unpublished data). SCM3 does not suppress END mutants such as cse4-23 and cse4-39, while MCM21 does not suppress HFD mutants, including cse4-1 and cse4-107. Allele specificity is also observed with synthetic lethal gene interactions. The END allele cse4-39 is synthetic lethal with all of the centromere protein mutants tested, while cse4-107 and other HFD alleles are not synthetic lethal with ctf13 and cep3.
A network of kinetochore protein interactions involving the Cse4p END. Recently, Ortiz et al. (37) reported that the Ctf19p-Mcm21p-Okp1p protein complex mediates protein-protein in- teractions at the yeast centromere. They showed by both twohybrid analysis and coimmunoprecipitation that Ctf19p, Mcm21p, and Okp1p interact with each other, with one or more subunits of CBF3, with Mif2p, and with Cse4p. This network of proteinprotein interactions potentially accounts for the localization of all known kinetochore components, including Cse4p, to the centromere. In addition, they demonstrated by CHIP that CDEIII is necessary and sufficient to localize the Ctf19p complex and Cse4p to the centromere.
Our results suggest that the Cse4p END is involved in the interaction(s) between Cse4p and the Ctf19p-Mcm21p-Okp1p complex. MCM21 is a dosage suppressor of END mutations, and a mutation in any of the three components of the Ctf19p-Mcm21p-Okp1p complex is synthetic lethal with a cse4 END mutation. Our two-hybrid results confirm the Ctf19p-Cse4p interaction (37) and further show that it is abolished when the END is deleted from the Cse4p-AD fusion protein, implying that the Cse4p END is required for this interaction. Proteinprotein interactions between the END of Cse4p and other centromere proteins may be important for recruiting additional kinetochore proteins to the centromere or for localization of Cse4p itself. Although the Cse4p HFD alone (Cse4⌬55GFP) can be properly targeted to the centromere, as demonstrated by CHIP analysis, this should not be interpreted to mean that the END is not required for centromere localization. Indeed, results from the interallelic complementation and coprecipitation experiments suggest that Cse4⌬55GFP may be targeted by heterodimerization with another Cse4p molecule bearing an intact END (e.g., Cse4-107p or wild-type Cse4p).
An END in other H3-like centromere proteins? The HFDs of centric histone variants are conserved from yeast to humans despite great divergence in the structures of the respective centromeres. While the HFD of CENP-A might be sufficient to target CENP-A to mammalian centromeres (46), a possible function for the CENP-A N terminus cannot be ruled out. N-terminally truncated CENP-A might lack an essential function and still be able to localize properly (e.g., Cse4⌬55GFP). A second possibility is that the CENP-A "END" became separated from the HFD during evolution and the END function is now supplied to human centromeres in trans by another, as yet unidentified, protein. The Cse4p END does not function in trans when expressed as a separate polypeptide (Fig. 8) , possibly because the N terminus lacks targeting information or because the N-terminal peptide by itself is unstable. It would be interesting to determine if the Cse4p END function could be supplied in trans by fusing the Cse4p N terminus to another kinetochore protein, such as Cbf1p or the CBF3 components. Finally, it is also possible that the function of the Cse4p N terminus is unique to the "point" centromeres of budding yeast and that no comparable activity is necessary for the function of vertebrate kinetochores. Regardless of a possible cis or trans CENP-A END function, the similarities and differences between the centromere-specific CENP-A and Cse4p proteins continue to reveal features in common between the two very diverse kinetochore structures.
